Toxic effects of silica nanoparticle of rats exposed intratympanically for 7 days were investigated using brainstem auditory evoked potential and distortion product otoacoustic emission techniques. The histopathological changes were evaluated with light microscopy and field emission-scanning electron microscopy were demonstrated in cochleas using based energy-dispersive X-ray spectroscopy. The reduction in the amplitude and prolongation at the peak latency and interpeak latencies of brainstem auditory evoked potential were observed. Silica nanoparticles significantly reduced distortion product otoacoustic emission amplitude in the 2, 3 and 4 kHz frequencies. In the light microscopic evaluation, the samples obtained from the experimental group showed a significant loss of hair cells. Field emission scanning electron microscope analysis of experimental group showed considerable hair cell damage compared to control group. The findings of this study show that intratympanic administration of silica nanoparticles may lead to hearing impairment by causing structural changes in cochlear hair cells.
. INTRODUCTION
Amorphous silica nanoparticles (SiO2NPs) are considered a promising candidate for a variety of biomedical applications, such as gene delivery, drug delivery and molecular imaging [1] . Previous studies have shown that exposure of SiO2NPs cause genotoxicity [2] , cardiotoxicity [3] , increased oxidative stress, cytotoxicity [4, 5, 6] , macrophage activation [7] , apoptosis [8] , autophagy [9] , morphological changes in various tissues [10] , an increase in blood cell count and organ damage biomarkers [11] , and inflammation [12] .
Hearing loss is one of the most common symptoms on the world. Sensorineural hearing loss (SNHL) accounts for about 90% of all hearing losses and over 5% is disabling [13] . Since nanoparticles can carry various drugs, proteins and nucleic acids into the inner ear, it exhibits new possibilities in the treatment of SNHL [14] . The liposomes/lipoplexes, lipidic nanocapsules, chitosan nanoparticles, amorphous silica nanoparticles, polymeric nanoparticles, nanogels are the most commonly used nanoparticles in the treatment of SNHL [14] .
In recent years, rather than studies investigating the toxic effects of nanoparticles on the inner ear, researchs have been focused on the transmission of a drug and gene on to the nanoparticle to the inner ear and to observe of the functional changes it produces. There is a limited number of studies that investigated effects of SiO2 nanoparticle on rat cochlea [15, 16] . Therefore, the present study aimed to investigate the toxic effects of SiO2 nanoparticle on rat cochlea. In this study, rats were used due to cochlear similarity to human beings [17, 18] . The distribution of SiO2NPs in the rat cochlea after intratympanic injection was demonstrated by using Field Emission Scanning Electron Microscopes (FE-SEM) based energy-dispersive X-ray spectroscopy (EDX). The effects of SiO2NPs on functional changes in the cochlea were investigated using Brain Stem Auditory Evoked Potential (BAEP) and Distortion Product Otoacoustic Emission (DPOE) recording techniques. Finally, the histopathological changes of SiO2NPs-induced in the cochlea were evaluated with light microscopy and FE-SEM.
RESULTS

Nanoparticle characterization
The physical-chemical characteristics of SiO2 nanoparticles were determined with multiple methods. Structural properties of the silica nanoparticles were investigated by FE-SEM studies. FE-SEM imaging of the nanoparticles showed uniform spherical structures with size of 20.54±2.23 nm. This result is also confirmed by DLS measurement (20.42±1.71). All the samples were shown strong broad peak at about 2θ=22 0 . This peak confirms the amorphous phase of silica nanoparticles.
Brainstem auditory evoked potential
BAEP is a physiological measure of the brainstem's response to sound and tests the integrity of the hearing system from the ear to the brainstem. Amplitudes and PLs of I-V waves and IPLs were measured from BAEP records. Amplitudes of the first and third waves in the experimental group significantly decreased compared to the control group (p<0.05) ( Table 1 ). In the experimental group, PLs of the first and third waves were found to be longer than the control group (p<0.05) ( Table 1 ). Additionally, IPL of I-III waves in the experimental group were significantly longer than the control group (p<0.05) ( Table 1 ). Table 2 shows DPOAE amplitudes as a function of f2 frequency for control and experimental groups. There was a significant reduction in DPOAE amplitude in the 2, 3 and 4 kHz frequencies between control and experimental groups (p<0.05). Such reduction was not seen in the other tested frequencies (6 and 8 kHz). 
Distortion product evoked otoacoustic emission
SiO2 nanoparticles in cochlea: FE-SEM-EDX analysis
The presence of SiO2 nanoparticles was determined in the cochlea by using FE-SEM based EDX analysis. Samples of EDX records for control ( Figure 1A ) and experimental groups ( Figure 1B ) were shown in Figure 1 . In the control group, this spectrum shows six elements which were identified as carbon, platinum, palladium, nitrogen, oxygen and sodium. In the experimental group, this spectrum contains carbon, platinum, palladium, nitrogen, oxygen, sodium and silicon elements. As can be seen from these spectra, the samples in the experimental group contain silica element unlike the control group. 
Light microscopic findings
Spiral ganglion cells and nerve tissue were in normal appearance both in the control and experimental groups. The samples obtained from the SiO2 exposed group showed a significant hair cell loss (Figure 2A , 2B, 2C and 2D). Mean numbers of hair cell were 51.7±2.5 and 29.3±5.85 in control and experimental groups, respectively. In the number of hair cells, there was a significant difference between control and experimental groups (p=0.012). The percent of hair cells loss was calculated as 43.3% in the experimental group. 
FE-SEM findings
In the control group, the V-shaped stereociliary tufts and bending of stereocilia were observed ( Figure  3A ). In the experimental group, disrupted morphology of the V-shaped stereociliary tufts and stereociliary degeneration involving shortening and disappearance were observed ( Figure 3B and Figure 3C ). 
DISCUSSION
In this study, the effects of SiO2 NPs on cochlear activity and morphology were investigated by using biophysical and histopathological methods. Findings from the present study indicated that SiO2NPs caused significant functional and structural changes in the rat cochlea.
There are a number of electrophysiological parameters that can be monitored to assess cochlear function including DPOAE and BAEP. In the present study, both BAEP and DPOAE were recorded to monitor the cochlear function. Significantly reduced amplitudes (first and third waves), prolonged peak latencies (first and third wave) and interpeak latencies (first-third waves) were observed in BAEP recordings. The reduction in the mean amplitudes of first wave and third wave were 34.1% and 63%, respectively. The prolongation of the peak latency of the first wave was 24.58% and third wave was 24.5%. The prolongation of interpeak latency of the first-third waves was 49.3%. Identification of the generators of the BAEP waveforms is primarily based on studies in humans and animals. The first positive waveform (I) is generated by the vestibulocochlear nerve or spiral ganglion cells of the cochlea, the third peak (III) by cells of the cochlear nuclei and dorsal olivary complex and fifth (V) peak by neurons in dorsal olivary complex, lateral lemniscus, and caudal colliculus [19] . The significantly longer latencies for interwave intervals I-III in the experimental group may be related to the delayed central conduction time of neural transmission through the brainstem. Another important finding in this study is the decrease of first and third waves BAEP amplitudes. A decreased amplitude can be regarded as a sign of a decreased synchronism of the burst of sensory impulses [20] . In the present study, at 2, 3 and 4 kHz frequencies, the DPOAE amplitudes of experimental rats reduced 47.5%, 24.8% and 29.8%, respectively when compared to control group. This result suggests that mid-low-frequency region (2 -4 kHz) may be affected by SiO2NPs in the experimental rats. DPOAE reflects outer hair cell integrity and cochlear function [21] . The hair cells convert sound into electrical signals and loss of hair cells lead to hearing loss. Histological analysis was consistent with electrophysiological data regarding a broad loss of hair cells occurred mainly in middle-apical turn of the cochlea in our experimental group. There is a limited number of studies in the literature that examine the effects of SiO2NPs on the hearing system. A pilot study in mice tested the influence of diffusion of Cy3-labeled SiO2NP applied near the round window membrane and these NPs were demonstrated inside the inner hair cells, the vestibular hair cells, the spiral ganglion neurons and the supporting cells, without any hearing loss or inflammation. Therefore, the authors concluded that SiO2NPs could be applied for safe drug delivery in the auditory system [15] . In another study in which SiO2NPs (7 mg/kg) was administered intravenously, DPOAE values were recorded at baseline and on days 21 and 60 after treatment and it was observed that DPOAE amplitude remained unchanged after administration of NPs [16] . The findings of our study are not concordant with above mentioned investigations. In our study, the damage caused by SiO2NPs in the hair cells was clearly seen in histopathological examinations as well as electrophysiological data. In both studies, SiO2NPs were administered in a single dose. Although the total administered doses of Ivanov's (2012) and our studies seem to be nearly equal, the main difference is the number of applications.
Repeated applications (7 consecutive days; totally 1.75 mg) in our study may be the reason for histological deterioration and loss of hearing. Repeated applications of SiO2NPs may lead to greater nanoparticle deposition in the cochlea and damage of the hair cells compared to single administration regardless of dose [22, 23] .
CONCLUSION
In conclusion, the findings of this study show that intratympanic administration of SiO2NPs may lead to hearing impairment by causing structural changes in cochlear hair cells. In the light of these findings, nanobased therapy technology needs to be thoroughly investigated. The probable underlying mechanisms of action through biochemical, ultrastructural, electrophysiological, molecular and histological means are to be studied for toxicity to overcome any undesired effects before clinical use.
MATERIALS AND METHODS
Chemicals
SiO2NPs were purchased from Sigma-Aldrich (S Louis, MO, USA). According to the manufacture's data sheet, the properties are as follows: 99.5% trace metals basis nanopowder (spherical, porous), surface area 590-690 m 2 /g. All other chemicals were purchased from Polar Ltd. (Adana, Turkey).
Nanoparticle characterization
Nanopowder SiO2 (0.15 g) suspended in 30 mL physiological saline solution by magnetic blender (IKA® C-MAG HS 7, Staufen, Germany) for 15 minutes and dispersed in saline solution by ultra-sonication for 30 minutes (Model HD 2200, Bandelin Electronics, Berlin, Germany). X-ray Powder Diffraction (XRD) measurements were carried out (D8 Advance, Bruker, Karlsruhe, Germany) and FE-SEM images were obtained (Supra 55, Carl Zeiss, Jena, Germany) for samples platinum coated prior to the measurements. The shape and size of particles were verified by FE-SEM and dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK).
Animals and experimental design
Twelve adult Wistar albino male rats weighing 200-250 g were obtained from the Experimental Animal Center of Mersin University (Mersin, Turkey) and divided into control (n=6) and experimental (n=6) groups. The animals were housed in polycarbonate cages, (6 rats per cage), at 25±1.5 °C and 55% humidity under the 12:12 h day-night cycle and fed with standard pellet (MBD Animal Feed Trading Company, Kocaeli, Istanbul) and water provided ad libitum. The experimental protocol was approved by Mersin University Experimental Animals Local Ethics Committee and carried out in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
SiO2 exposure
All rats were anesthetized using 90 mg/kg ketamine, and 7 mg/kg xylazine. External auditory canals and tympanic membranes were examined by using surgical microscope and ear speculum. The rats were exposed to intratympanic injection of 250 μg/day SiO2NPs suspension under a surgical microscope for 7 consecutive days. Left ear was used for intratimpanic injection in all rats. The control rats were injected with 0.9% saline. At the end of the 7th day, the rats were otologically examined again.
Brain auditory evoked potential (BAEP) recordings
BAEPs were recorded 5 days after the last injection from the control and experimental groups. The BAEP records were obtained by anesthetizing the rat using ketamine-xylazine. Three subcutaneous needle electrodes placed at the vertex (reference electrode), the mastoid ipsilateral to the stimulated ear (active electrode) and abdominal region (ground electrode). Responses were averaged 1000 times. Less than 5 kΩ for each electrode was accepted as appropriate for impedance measurements. BAEP data were collected using a Nicolet Endeavorsystem (MFI Medical, San Diego, CA, USA). The biological signal was bandpass filtered (0.15-3.0 kHz) and amplified with the artefact rejection level (set at 10 μV). Click stimulus with 4.1 Hz frequency, 200 µs duration and 20 mA intensity (90 dB) were used for BAEP records. A noise of 50 dB was applied to the unrecorded ear. The BAEP peak latencies (PLs), interpeak latencies (IPLs) and amplitudes were measured from recordings. Latency was measured from the end of the stimulus to the time of the corresponding peak. Each amplitude was measured as the voltage difference between the baseline and the corresponding peak.
Distortion product evoked otoacoustic emission (DPOAE) recordings
DPOAEs were recorded by the MADSEN Capella-GN Otometrics Otoacoustic Emissions device (Taastrup, Denmark) in an insulated room. The rats were anesthetized and a probe was coupled to their right external auditory canal (probes used in newborn babies). The stimulus was made up of 2 pure sounds (f1 and f2), which f1/f2 frequency ratio was 1.22. Stimuli intensity was fixed in 65 dB SPL. The resulting otoacoustic emissions were assessed in the frequencies of 2, 3, 4, 6 and 8 kHz.
Animal preparation and pre-fixation
After the record of DPOAE, intracardially mixture of 4% paraformaldehyde and 0.5% gluteraldehyde was perfused to rats under general anesthesia. Following perfusion, cochleas were isolated (Albuquerque et al. 2009 ) and kept in paraformaldehyde for 3 days. After fixation, the cochleas were transferred to test tubes containing 10% disodium EDTA (Ethylenediaminetetraacetic acid) solution for decalcification and they were kept in this solution for 14 days [24] . Before going to next step, cochleas were checked whether they were very well decalcified. A very well decalcification is considered when the cochleae became soft at touch with forceps.
Light microscopic evaluation
Following the decalcification, the cochleas were prepared for histopathological examination. Samples were fixed with 10% formalin for 24 hours at 4 °C. Afterward, tissues were dehydrated in a graded series of alcohols, cleared in xylene and embedded in paraffin. The paraffin blocks were cut into 4 μm thick slices and the slices were stained with hematoxylin-eosin. Hematoxylin and eosin stained sections from each specimen were examined under light microscope (Olympus BX50, Tokyo, Japan). The presence of outer hair cells was assessed in each cochlear turn. To calculate the percent of cochlear hair cell loss, the cells in the three scala media were counted in control and experimental group. The percent of loss of hair cells was calculated from the following equation where Nc is the number of hair cells in control group and Ne is number of hair cells in experimental group.
FE-SEM microscopy
Following decalcification, cochleas were carefully cleaned of surrounding muscle tissue under an Olympus SZX9 stereomicroscope, washed in phosphate saline (pH 7.4) and dehydrated in graded ethanol series and critical-point dried using a critical point dryer (Emitech K850, Quorum, England). Samples were coated in palladium-platinum in a sputter coating system (Quorum150, England). Sputter coating is the standard method for preparing non-conducting or poorly conducting specimens prior to observation in a scanning electron microscope. Palladium-platinum coated samples were placed on the aluminium stubs for FE-SEM device by using stereomicroscope (Model SZX2-ILLB, Olympus Cor. Tokyo, Japan) and were investigated under FE-SEM (Zeiss, Supra 55, Germany).
Confirmation of cochlear SiO2 with FE-SEM-EDX analysis
EDX analysis is a technique used for identification of the elemental composition and distribution of a specimen. Scanning electron microscopy based energy dispersive X-ray spectroscopy (FE-SEM-EDX) was used to confirm the presence of cochlear SiO2 nanoparticles. EDX measurements were performed on a Compact Detector Unit incorporated into a Zeiss, Supra 55 FE-SEM. The EDX spectrum was obtained at an acceleration voltage of 10 kV.
Statistical analysis
Data were analyzed using SPSS 17.0 statistical package program (SPSS v.11.5, SPSS Inc., Chicago IL, USA). The checks of normality of variables were tested with Kolmogorov-Smirnov test. Descriptive statistics of variables were expressed as mean and standard deviation. Student t-test was used to compare control and experimental groups for normal distribution variables. p values less than 0.05 were considered as statistically significant.
